A method is described for isolating mitochondria from nodules of cowpea ( Vigna unguiculata [L.] Walp.) under completely anaerobic con-ditions. The mitochondria were immediately active when incubated aerobically with substrates, and their respiration rates were higher than mitochondria prepared in air. The mitochondria lacked fumarate reductase and were not inhibited by 5% CO2. When incubated under microaerobic conditions, their respiration could be measured by leghemoglobin spectroscopy. Microaerobic respiration was inhibited approximately 50% by 1 millimolar malonate, and was completely inhibited by cyanide. 02 uptake and the ATP/O ratio declined under microaerobic conditions, and therefore ATP production may be low in the environment of infected nodule cells. The mitochondria of Ascaris can produce ATP in microaerobic conditions. They contain Cyt b and c, but Cyt c,, a, and a3 are absent, as is Cyt oxidase. There is only one coupled phosphorylation during electron transport (1 1).
Nodule cells contain large numbers of actively respiring Rhizobium bacteroids and leghemoglobin, which avidly binds 02-As a result, the interior of a legume nodule is microaerobic. In infected cells, the average concentration of free dissolved 02 iS only 10 nm, as estimated by leghemoglobin spectroscopy or by a microelectrode (1, 31) . Because the Km (02) for mitochondrial terminal oxidases is considerably greater than this (4) , it is questionable if mitochondria in the infected cells have any function, or if they can contribute ATP to the well documented high energy requirement for symbiotic nitrogen fixation.
Seedlings of some species can grow in anaerobic environments. Cells ofthese plants contain mitochondria, but their morphology is abnormal, and they have weak respiratory activities (32) . In the nodule, the mitochondria in infected and uninfected cells appear normal. Their number is higher in infected cells (18) , and rather than being distributed with the bacteroids throughout the infected cell, the mitochondria are found only near the cell wall (19) .
The presence of mitochondria in the nodule may seem like evidence of aerobic metabolism. This is not so; mitochondria can function in microaerobic metabolism (23) . This occurs in species which alternate between aerobic and anaerobic environments (e.g. deep diving fish or whales, swamp worms, molluscs) and in parasitic helminths which pass through aerobic and microaerobic environments in their life cycle. In these species, portions of the tricarboxylic acid cycle 'run backward' in the anaerobic metabolism of carbon compounds. Though subsequent end products differ among species, there is a common anaerobic pathway to succinate. Phosphoenolpyruvate is con-'Supported by contract 82ER-12066 from the United States Department of Energy, Division of Biological Energy Sciences. 2 Present address: John Innes Institute, Norwich, NR4 7UH, U.K.
verted to OAA3 and then malate in the cytosol. The malate passes into the mitochondria where it is converted to fumarate and, in an ATP yielding step, to succinate via fumarate reductase. Mitochondrial fumarate reductase is actually an enhanced activity of the back reaction of succinate dehydrogenase, which is somehow modified during anaerobiosis so that it is less active in the direction of succinate oxidation (27) . The reductant for fumarate reductase is NADH which comes from the conversion of another malate to pyruvate by mitochondrial ME. Fumarate reductase activity has not yet been reported in mitochondria from plants.
The mitochondria of Ascaris can produce ATP in microaerobic conditions. They contain Cyt b and c, but Cyt c,, a, and a3 are absent, as is Cyt oxidase. There is only one coupled phosphorylation during electron transport (1 1).
The vigorous respiration ofthe nodule produces a high internal CO2 concentration. Mahon, for example, found that pea nodules respired CO2 even when the rhizosphere CO2 concentration was 3% (12) . This indicates that the CO2 concentration within the nodule is even higher. As a result, the bicarbonate concentration must also be high in the nodule. Bicarbonate reduces the activity of mitochondria from potato tubers and spinach leaves (6, 16) . We therefore determined if mitochondria from the nodule could tolerate high concentrations of CO2.
We described a method for isolating active mitochondria from cowpea nodules (22) . The procedure was modified to permit the preparation under completely anaerobic conditions, and subsequent study of the mitochondria under very low PO2. Measurements of ATP formation provided estimates of the P/O ratio under microaerobic conditions. box contents through absorption scrubbers (20) .
Mitochondria. Mitochondria from etiolated hypocotyls were prepared as described previously (22) . Mitochondria from nodules were prepared essentially as before (22) Microaerobic 02 uptake was assayed by monitoring the deoxygenation of leghemoglobin solutions at 28°C in sealed cuvettes with no gas phase. The assay solution was medium A which contained 75 to 95 uM leghemoglobin. Additions to the reaction media are detailed in the text where appropriate. Absorbance at 576 and 560 nm was determined at 1 min intervals using a Perkin Elmer Lambda V spectrophotometer; calculations to determine free-dissolved 02 and the rate of 02 uptake were as described by Appleby and Bergersen (3).
ATP Extraction. To determine ATP S Ml aliquots were removed from assay cuvettes with a 10 ,l gastight microsyringe (Hamilton, Reno, NV) and immediately quenched into 0. (Table I) . Their insensitivity to cyanide remained low throughout (4-6% and 3-7% for respiration with malate or succinate, respectively). The highest yield of mitochondrial protein was from young nodules which were still developing, as indicated by their acetylene reduction activity and specific leghemoglobin content (Table I) Fumarate reductase and succinate dehydrogenase (measured previously [22] ) in mitochondria from nodules and hypocotyls had similar activities in both preparations, and the ratios of their activities were identical (Table III) .
When nodule mitochondria isolated in the absence of 02 were incubated in an 02 electrode chamber with aerobic concentrations of 02 and respiratory substrates and cofactors, 02 uptake was immediate and showed a pattern similar to that recorded previously for mitochondria prepared aerobically (22) . Microaerobic preparations had higher rates of substrate oxidation compared to mitochondria prepared in air (Table IV) (Figs. 1, 2 ). In contrast, state 4 respiration rates with malate were less affected by decreasing 02 concentration and so the degree of apparent respiratory control decreased (Fig. 1) . State 4 oxidation of succinate was faster than that of malate and showed greater decreases in activity as 02 concentration declined (Fig. 2) . At limiting 02 concentrations, 02 uptake with either organic acid was always greater for mitochondria from nodules than those from hypocotyls.
The apparent Km (02) of the terminal oxidase of the intact mitochondrial system was derived from double reciprocal plots ofrapid state 3 respiration during the decline in 02 concentration (i.e. before 02 uptake in the presence of excess ADP showed significant slowing and resemblence of state 4 activity). The Km (02) for both the nodule and hypocotyl oxidase system was approximately 100 nm (Fig. 3) nodules and (b) hypocotyl in sealed cuvettes (3.5 ml vol) with no gas phase. Reaction mixtures were at 28°C and contained 90 ,uM leghemoglobin, 20 mM malate, 10 mm glutamate, 0.1 mM ATP, and Percoll-purified mitochondria. State 3 respiration (-) as initiated by addition of 50 Mm ADP followed by a further addition of 600 AM ADP after 1 min. State 4 respiration (0) was initiated by addition of 50 Mm ADP which caused a brief period of state 3 activity followed by continuous state 4. 02 uptake was measured as described in "Materials and Methods" and points are given at 1 min intervals except where respiration rates were very slow where points are at 2 to 3 min intervals as appropriate. 02 uptake rates of the same preparations in the presence of saturating 02 were measured using an 02 electrode and were 125 and 233 nmol 02 min-' mg-' protein for nodule and hypocotyl mitochondria, respectively. been ascribed to the compound effects of pH and HCO3-concentration on NAD+-ME (6, 16) . Mitochondria from cowpea nodules have low NAD+-ME activity (22) (33) . Thus, the possibility of malonate being in the infected cells cannot be excluded. If this is so, operation of the tricarboxylic acid cycle in the mitochondria might be limited.
In some facultative organisms, the oxidative activity of succinate dehydrogenase is depressed under microaerobic conditions, and its reverse activity of fumarate reduction increased (23, 27) . The specific activities of succinate dehydrogenase in mitochondria isolated from the nodule and from the hypocotyl were identical (22; reaction of undepressed succinate dehydrogenase. In facultative animals, the reductant for mitochondrial fumarate reductase is NADH from mitochondrial NAD+-ME (23) . We have noted (22) that the mitochondria isolated from nodules have only a low activity of NAD+-ME. We conclude that, unlike the mitochondria in facultative animals, the mitochondria of the nodule do not use fumarate reductase for ATP synthesis.
Microaerobic oxidation rates of organic acids in the presence ofADP were considerably greater for mitochondria from nodules than from hypocotyls even though their Km (02)s were identical. This is in contrast to aerobic oxidation where hypocotyl mitochondria were superior at oxidixing either malate or succinate and particularly the former substrate (these data and [22] (5) 0.47 ± 0.05 (4) decrease in ATP/0 ratio with limiting 02 concentrations is clear (Table V) and even in the presence of excess ADP, the stimulation of 02 uptake progressively decreased as 02 concentration declined (Figs. 1, 2) . The mechanism behind this decline in the ATP/0 ratio was not investigated. It may relate to a decline in the proton motive force as substrate-driven electron transport, and hence proton efflux, became limited as the 02 concentration declined (7) . In this investigation of microaerobic function of mitochondria we have derived an integrated ATP/0 ratio which was based on 02 uptake from an 02 concentration slightly greater than the Km (02) to as low as 5 nM. We did not determine what the ATP/0 ratio would be if the P02 was maintained at 10 nM. At 10 nM 02 ATP synthesis is likely to be slight because ADP caused no stimulation of02 uptake when mitochondria from either nodules or hypocotyls were oxidizing malate or succinate (Figs. 1, 2 ). Because this is the average free-dissolved 02 concentration in the nodule (1, 31) there are serious implications for mitochondrial function, at least in terms of ATP generation.
Electron micrographs of nodules show mitochondria almost exclusively at the periphery of infected cells (19) and, in some cases, grouped at the periphery adjacent to air spaces. These observations suggest that during development of an infected cell the mitochondria move outward in response to an 02 gradient. Such responses to 02 gradients have been reported for mitochondria in secretory cells of insect larvae (30) .
A model based on two-dimensional analysis of 02 flux and free-dissolved 02 concentration within an infected nodule cell indicated that an 02 concentration gradient may exist (25) . The model predicts 02 concentrations of 5 nm at the center and 26 nm at the cell periphery. At the higher of these 02 concentrations, 02 uptake is slightly stimulated by ADP (Fig. 1) and so ATP synthesis is more likely than at 10 nM 02, despite an ATP/0 ratio which may be less than optimal. Nevertheless, without detailed knowledge of the exact 02 environment which nodule mitochondria experience, either in infected or uninfected cells, we have to conclude that both 02 uptake and the ATP/0 ratio are likely to be much lower than in aerial tissues.
The carbohydrate cost to the plant of symbiotic fixation has been often estimated (cf. reviews [13, 17, 21] ). The consumption of photosynthate, though calculated in different ways, always seems greater than required for the known ATP requirements of nitrogen fixation. In estimating how much energy is obtained from the photosynthate, the P/O ratio in nodules has been assumed to be 3 by Neves (17) and Mahon (13) and 2 by Phillips (21) . It is probable that these estimates were too high. That the interior of nodules has a very low PO2 has long been known, but the implications of this for intermediary metabolism and energy production have been overlooked. Because many bacteroids lack Cyt AA3 (2), their P/O ratio is unlikely to exceed 2. Experiments reported here indicate that mitochondria in the infected cell will contribute little if any ATP from oxidative phosphorylation. This is a probable contributing factor for the high photosynthate cost of symbiotic nitrogen fixation.
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